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SUMMARY 

A  wind-tunnel  inveatigation  was  conducted  to  detetvina  the  effects 
of  a  aonlc  Jet  blovlxig  perpendicularly  from  a  curved  two-dlaienaional  plate* 
These  testa  were  performed  in  the  9  1/2-Lich  Supersonic  Wind  Tunnel  of 
the  Gas  Dynamics  Facility  at  Mach  nui^era  of  2*43»  3*73,  and  4*50*  Ex¬ 
perimental  data  are  presented  for  (a)  the  interaction  forces  produced  by 
the  exhausting  Jet  and  the  supersonic  main  stream  end  (b)  the  exhausting 
Jet  penetration  into  ^e  supersonic  main  stream*  Data  were  obtained  for 
various  slot  locations  and  simply  pressures* 

DrriDDUCTIDII 

The  use  of  Jet  reaction  controls  is  a  question  of  growing  importance* 
It  is  essential  to  know  how  the  Jet  penetration  will  occur  in  actual  flight 
conditions,  since  such  a  Jet  could  cone  in  contact  with  stabilising  sur- 

s 

face*.  In  fact,  javcn  if  the  inplBgiiig  Jet  happen*  to  produce  no  adveree 
aerodynanie  reaction*  uhen  it  encounter*  adjacent  atabllislng  aurfaeea,  it 
could  create  lerloua  problen*  of  material  protection  if  the  Jet  we*  a  hot 
or  corroding  atrean. 
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It  is  not  only  necessary  to  know  the  forces  which  are  generated  on  * 
the  body  by  reactions  of  the  Jet,  but  it  is  also  necessary  to  know  those 
forces  created  by  the  interaction  of  the  esdiausting  jet  and  the  supersonic 
main  stream*  Experience  has  already  shown  that  such  interaction  forces 
can  be  of  siich  magnitude  that  estimates  of  the  forces  prodiiced  by  Jet 
reaction  controls  on  a  supersonic  vehicle  %rill  be  substantially  in  error 
if  the  additional  interaction  forces  are  not  properly  accounted  for* 

In  view  of  this  fact«  the  Bureau  of  Naval  Weapons  requested,  in 
Reference  1>  that  a  wind-tunnel  investigation  be  conducted  to  contribute 
to  the  current  knowledge  on  the  use  of  Jet  reaction  controls  near  the  nose 
of  a  supersonic  vehicle  in  relatively  dense  atmosphere*  These  tests  were 
cond\icted  la  the  9  l/2*lnch  Supersonic  Wind  Tunnel  of  the  Gas  Dynamics 
Division  to  investigate  the  interaction  effects  produced  by  a  sonic  Jet 
exhatisting  perpendicularly  from  a  curved  two-dimensional  plate  in  a  super¬ 
sonic  stream*  These  interaction  effects  were  Investigated  at  Mach  nuad>ers 
of  2*48»  3*73,  and  4«50,  vitdi  various  Jet  slot  locations  and  Jet  supply 
pressures* 

MODELS  AND  TEST  APPARATUS 

The  curved  two-dimensional  plate  modela  uaed  in  this  test  are  shown 
in  Figure  !•  Each  model  was  constructed  to  be  used  at  a  specific  Mach 
number*  Model  1  was  used  at  Mach  number  2*48,  model  2  at  Mach  number  3*73» 
and  model  3  at  Mach  number  4*50*  The  model  coordinatea  are  shown  in 
Table  1* 

Each  model  was  constructed  so  that  there  were  three  possible  jet 
slot  locations  for  each  model  (Figure  2)*  Since  only  one  Jet  slot  location 
was  used  at  any  one  time,  there  vaa  provided  for  each  location  a  noszle 
plate  and  a  blank  cover  plate*  Although  the  width  of  each  slot  was  adjust¬ 
able,  the  width  for  this  test  was  maintained  at  0*01  inch*  The  Jet  slot 
had  a  sonic  nozzle  throat* 

On  each  model,  seven  0.049-lnch-diameter  static  pressure  orifices 
were  installed  on  the  center  line  -  four  on  the  top  surface  and  three  on 
the  bottom  surface*  Exact  pressure  orifice  locations  are  shown  in 
Figure  2*  The  plenum  chasd^r  of  each  mD4el  was  also  Instrumented  with 
a  pressure  orifice* 


3 


A  special  strut,  provided  with  an  air  passage,  was  built  to  mount 
the  models  In  the  9  1/2-  by  9  1/2-lnch  wind  t\mnel«  A  sketch  of  this  strut 
Is  shown  in  Figure  3,  and  a  photograph  of  the  model  mounted  In  the  wind 
tunnel  is  shown  In  Figure  4. 

Filtered  pressurised  house  air,  controlled  by  a  pressure-*regulatlng 
valve,  was  directed  through  a  passage  In  the  hunting  strut  to  the  plenum 
chamber  of  each  model.  The  plenum  chamber  pressure  was  measured  with  a 
200-psl  pressure  gage. 

Model  surface  pressures  and  survey  rake  pressures  above  the  model 
were  obtained  with  a  solenoid-driven  Scanlvalve  pressure  switch  and  a 
Statham  pressure  transducerc  A  5-psla  transducer  was  Installed  at  M  •  3«73 
and  4*50  and  a  10-psla  transdticer  was  Installed  at  M  «  2 .Ad.  High-speed 
data  readout  from  the  Scanlvalve  pressure  transducer  was  obtained  with  a 
Beckman  210,  which  senses,  measures,  digitizes,  and  records  on  magnetic 
tape  the  test  data  for  direct  entry  Into  the  UMIVAC  computer. 

The  supersonic  flow  was  obtained  by  using  fixed  converging-diverging 
laval-type  nozzle  blocks. 

TEST  CONDITIONS  AMD  PROCEDURE 

The  tests  were  perforaed  In  the  9  1/2-Inch  Supersonic  Wind  Tunnel  at 
Mach  numbers  of  2»4B,  3.73,  and  4o50*  The  dew  point  of  the  testing  air 
did  not  exceed  -15^F,  but  no  attempt  was  made  to  dry  the  compressed  air 
that  was  blo%m  through  the  sonic  Jet  nozzle.  The  atmospheric  supply  pres¬ 
sure  (p^)  for  the  air  stream  varied  from  14.409  to  14.936  psl.  The  average 
Reynolds  nuabers,  based  on  the  chord  length  of  the  models,  were  as  follows s 


M 

R  X  10  ” 

2.46 

1.11 

3.73 

0.36 

4.50 

0.26 

The  trlnd-tuon.!  teat  progrm  is 

shorn  In  Table  2. 

The  Jet  slot 

locations  daslgnat.d  A,  B,  and  C  are 

shorn  on  Flgura  2. 

For  each  test  run* 

surface  pressure  data  on  the  model  were  obtained,  and  a  total  pressure 
survey  above  the  model  was  made  with  a  seven-tube  total-pressure  rake  at 
various  X  and  Z  locations,  as  noted  on  the  data  plots.  In  addition  to 
these  data^  a  schlleren  photogra^  was  taken  to  study  the  Interaction 
effects  visually* 
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REDUCTION  OF  DATA  AND  ACCURACY 

The  interaction  force  produced  by  a  sonic  Jet  exhausting  into  a 
supersonic  main  stream  is  defined  as  the  normal  force  coefficient  calcu¬ 
lated  from  pressure  measurements  on  the  model  with  the  Jet  blowing  minus 
the  normal  force  coefficient  calculated  from  pressure  measurements  on 
the  model  without  the  Jeto 

The  noi  lal  force  coefficient,  C^,  of  the  curved  two-dimensional 
plate  model  was  determined  by  the  mechanical  integration  of  the  static 
pressure  over  the  model.  The  static  pressure  coefficients  for  the  upper 
and  lover  surfaces  were  plotted  perpendicular  to  the  chord  of  the  model; 
for  the  upper  surface,  -Cp  was  plotted.  The  area  under  the  curve  will 
yield  the  normal  force  coefficient  for  the  model;  i.e. , 


The  total  normal  force  coefficient  is  equal  to  the  of  the  upper  sur¬ 
face  plus  the  of  the  lower  surface.  A  positive  C.  indicates  a  result- 
ant  force  in  the  upward  direction  and  a  negative  indicates  a  resultant 
force  in  the  downward  direction. 

The  spanwise  distance  assximed  for  the  integration  was  unity  and  in¬ 
cluded  the  pressure  orifices,  which  were  located  along  the  center  line  of 
the  model;  i.e.,  the  area  of  integration  did  not  include  the  entire  region 
of  Jet  interaction. 

The  Jet  penetration  into  the  supersonic  main  stream  in  terms  of  the 


total'^pressure  survey  above  the  model  was  represented  by  A  — ,  where 
A  — ^  is  defined  as  /p^  of  the  total  pressure  survey  minus  p  /p 

Pt  ^ 

of  the  free  stream.  The  following  free-stream  total-pressure  ratios  were 


used; 


M 


2.48  0,5071 
3.73  0.1746 
4,50  0.0917 
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The  following  data  are  believed  to  be  repeatable  within  the  defined 
limits : 

Data  Limits 

C  ±0.01 

P 

/p  ±0.005 

The  following  is  believed  to  be  the  Mach  number  variation  in  that 
part  of  the  test  section  occupied  by  the  model: 


Mach 

Nxanber 

Variation 

2.48 

±0.02 

3.73 

±0.04 

4.50 

±0.10 

The  accuracy  of  the  computed  interaction  forces  is  discussed  in  the 
following  section,  since  it  is  based  on  assumptions  set  forth  there. 

RESULTS 

The  interaction  effects  of  a  sonic  jet  exhausting  perpendicularly 
from  a  curved  cwo«*diinensional  plate  in  a  supersonic  main  stream  are  pre¬ 
sented  in  Table  3  and  Figures  5,  6,  and  7.  Schlieren  photographs  taken 
to  study  the  interaction  effects  visually  are  shown  in  Figures  8  through  11. 

Table  3  presents  the  interaction  forces,  in  coefficient  form,  at  main 
stream  Mach  numbers  of  2.48,  3.73,  and  4.30  for  various  Jet  slot  locations 
and  Jet  supply  pressures.  Ihese  interaction  forces  were  determined  by 
the  mechanical  integration  of  static  pressure  distribution  curves  shown 
in  Figures  12,  13,  and  14'.  These  curves  were  plotted  from  data  presented 
in  Tables  4,  5,  6,  and  7. 

Figures  5,  6,  and  7  present  the  penetration  of  the  exhausting  Jet 
into  the  supersonic  main  stream  in  terms  of  the  change  in  total  pressure 
ratio  from  free-stream  conditions  to  test  conditions.  A  positive  change  * 
in  total  pressure  ratio  represents  a  region  of  compression  and  a  negative 
change  in  total  pressure  ratio  represents  a  region  of  expansion. 
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Because  of  technical  difficulties  in  the  construction  of  the  models, 
the  number  of  pressure  orifices  on  the  models  was  limited.  Of  course, 
this  scarcity  of  data  points  affects  the  accuracy  of  the  interaction 
forces  in  Table  3*  The  accuracy  of  the  static  pressure  diatribution  over 
that  portion  of  the  model  lacking  pressure  orifices  depends  on  the  validity 
of  the  assumptions  that  were  used  to  determine  the  static  pressure  distri* 
bution.  Since  most  of  the  assumptions  were  based  on  accepted  principles 
or  experimental  results,  the  accuracy  of  the  interaction  forces  is  believed 
to  be  good  enough  so  that  general  trends  will  be  evident* 

The  important  considerations  iiaed  in  determining  the  static  pressure 
diatribution  over  the  models  are  the  following: 

1*  Only  those  effects  that  will  take  place  in  a  perfect  nonviscous 
fluid  are  considered.  Reference  2  indicates  that  the  effect  of  the  boundary 
layer  on  the  interaction  field  is  negligible  except  for  perhaps  immediately 
upstream  of  the  Jet,  where  the  boundary  layer  separates.  Even  in  this 
region,  it  is  found  tliat  the  pressure  which  is  capable  of  being  sustained 
in  the  boundary  layer  is  relatively  weak.  According  to  References  3  and  4, 
the  state  of  the  boundary  layer  does  not  matter  in  the  region  where  it 
separates.  Although  the  laminar  boundary^Iayer  separation  covers  a  larger 
area  of  the  model  than  does  the  turbulent  separation,  the  pressure  rise  at 
separation  is  greater  for  a  turbulent  botmdary  layer  than  for  a  laminar  one. 

2.  The  schlieren  photographs  in  Figiires  8,  9,  10,  and  11  show  that  for 
a  specific  model,  the  shocks  standing  in  front  of  each  jet  sheet  are  similar 
for  every  Jet  slot  location  and  Jet  supply  pressure. 

3«  In  the  region  before  the  shock  standing  in  front  of  the  jet  sheet, 
the  pressure  distribution  is  displaced  by  a  constant  positive  pressure 
difference  from  the  preaaxire  diatribution  of  the  Initial  teat  conditions 
of  no  Jet.  This  constant  positive  pressure  difference  Is  due  to  the  negative 
change  in  angle  of  attack  of  the  model,  which  is  induced  by  the  force  of 
the  Jet.  From  Figures  12,  13,  and  14  it  can  be  seen  that  the  jet  alot 
locations  closer  to  the  leading  edge  produce  the  greatest  change  in  angle 
of  attack,  since  the  moment  arms  are  the  greatest  at  these  locations. 

4.  In  the  region  between  the  shock  standing  in  front  of  the  jet  sheet 
to  the  first  orifice  after  the  jet  slot,  a  linear  expansion  is  aaaumad  to 
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take  place*  This  aastBnptlon  waa  made^  since  there  was  no  evidence  as  Co 
the  exact  manner  of  expansion*  Although  this  assumption  may  contribute 
to  the  inaccuracy  of  the  absolute  results »  it  should  not  affect  the  qual* 
itative  results* 

5*  In  the  region  from  the  first  orifice  after  the  Jet  slot  to  the 
base  of  the  model »  initially  overexpanaion  takes  place  because  of  the  Jet 
pump  action*  After  the  overexpanaion,  there  is  a  return  to  a  pressure 
distribution  which  is  similar  to  the  pressure  distribution  obtained  under 
the  initial  test  condition  of  no  Jet* 

In  describing  the  flow  phenomena,  the  Jet  can  be  imagined  to  be  froxen 
into  a  rigid  sheet*  This  obstruction  would  cause  a  detached  shock  upstream 
of  the  sheet.  In  the  actual  case,  horizontal  momentum  is  imparted  to  the 
Jet  sheet  which  bends  rapidly  toward  the  direction  of  the  free-stream  flow* 
Upstream  of  the  Jet,  the  impingement  of  the  detached  shock  wave  on 
the  boundary  layer  creates  an  adverse  pressure  gradient  in  the  botmdary 
layer,  which  tends  to  separate  the  flow  from  the  surface  of  the  body, 
whether  it  is  laminar  or  turbulent* 

After  the  Jet,  an  overexpansion  takes  place,  vrith  a  gradual  return 
to  normal  no-* Jet  conditions* 


Aerodynamics  Laboratory 
David  Taylor  Model  Basin 
Washington,  D*  C* 
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Table  1 

Coordinates  for  the  Two-Dimensional  Normal  Jet  Model 
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Table  2 


Test  I'rogram  for  Nonaal-JeC  Investigation 


Series 

!  Slot 

Model  j  Position 

Supply  Pressure 
in  psi 

— 

Mach 

Ntoaber 

1 

— 

1 

None 

None 

2.48 

2 

A 

3 

1 

B 

75.  85,  95 

2.48 

4 

c 

5 

2 

None 

None 

3.73 

1 

6 

1 

A 

P  1 

7 

2 

B 

i  75.  85,  95  j 

j  3.73 

8 

C 

1 

I 

1 

i 

9 

3 

.  i 

None 

None 

4.50 

10 

i  A 

t 

11 

!  3 

1 

B 

25,  35,  45 

4.50 

12  1 

I 

1 _ 

,  c 

1 _  - . 

All  data  were  taken  at  an  angle  of  attack  of  0^ 
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Table  3 


Interaction  Forces  Produced  by  a  Sonic  Jet  Exhausting  Perpendicularly 
From  a  Curved  Tuo-Dimensional  Plate  in  a  Supersonic  Main  Stream 
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Table  4 

Static  Pressure  Distribution  Over  the  Models 
With  No  Jet  Exhausting 


Orifice 

c 

Number 

p 

a.  Model  1 

(M  -  2.48) 

0.57  I 

2 

0.47  i 

3 

0.25  I 

i  4 

1 

0.03  I 

1 

5 

0.00  i 

j 

6 

0,00  1 

* 

0.10 

b.  Model  2 

1 

<>1  -  3.73)  1 

1 

1 

« 

1 

0.64  i 

1 

2 

0.58 

3 

0.55 

4 

0.04  1 

5 

0.75  I 

I 

6 

0.35 

7 

1.12 

c.  Model  3  0l  -  4.50) 

1 

0.63 

2 

0.97 

3 

0.97 

4 

0.65 

5 

1.08 

6 

0.50 

7 

2.55 

13 


Table  5 


Static  Preeaure  Distribution  Over  Model  1  at  M  ■  2.48 
With  Jet  Exhausting 
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Table  6 


Static  Preaaure  Distribution  Over  Model  2  at  M  >  3o73 
With  Jet  Exhausting 
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Table  7 


Static  Pressure  Distribution  Over  Hodel  3  at  M  ■  4.50 
With  Jet  Exhausting 
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P-913  (a)  Model  1 


P-914  (b)  Model  2 


P-915  (c)  Model  3 

Figure  1  -  Photographs  of  the  Curved  Two-Dimensional  Plate  Models 
PSD- 100, 445 


June  4 


1962 


Figure  4  -  Test  Model  Mounted  in  9  1/2-  by  9  1/2-Inch  Wind  Tunnel 
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Hot%:  H  P  indicates  that  an  undatarainad  high 
praaaura  raading  abova  tha  ranga  of  the 
praaaura  tranaducar  (0  *  10  pal)  vaa 
obtalnad  at  tha  aurvayad  point. 


-4  -3  -2-10  1 


Tunnal  Station  X  in  inchaa 


Figur.  5  -  Exhau.tlng  J«t  Pcnccratlon  at  a  Haiti  SCraam 
Mach  Nuabar  of  2.48 
(■)  Pj/P,  -  0 
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TuomI  Station  X  in  inchaa 

Flgura  5  (Continuad) 

(b)  Pj/P.  -  126;  Slot  A 
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2% 


-H  -3  -2-10  1 

TuniMl  Scatfon  X  In  Inchas 


Flgura  3  (Continued) 
(c)  Pj/P.  -  124;  Slot  B 
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S««  HOC*  on  page  22  for  •xplanaclon  of  H  P 


-A  -3  -2  -I  0  1 

Tunnel  Station  X  in  Inches 


Figure  5  (Continued) 
(d)  Pj/P,  ■  126;  Slot  C 
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Flgur*  3  (Continued) 
(f)  Pj/P,  -  112;  Slot  B 
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HP-  High  Pressure  (see  note  on  page  22) 


Tunnel  Station  X  in  inches 

Figure  5  (Continued) 

(»)  Pj/p,  ■  Slot  c 


Figure  3  (Continued) 
(1)  Pj/P,  -  101;  Slot  B 
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HP*  High  preaaur*  (ace  not*  on  pag*  22) 


Tunnel  Station  X  in  inchaa 

Figure  5  (concluded) 

(J)  P4/P,  -  103;  Slot  C 
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Fifur*  6  -  Exhauating  Jac  Panatration  ac  a  Main  Straan 
Mach  Nuiri>ar  of  3.73 

(•)  Pj/P,  -  0 
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TuniMl  Station  X  In  Inchaa 
Figura  6  (Continuad) 

(c)  Pj/P»  ■  ® 
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3  -a  -I  0  I 


TumMl  Station  X  in  inchat 

Vifura  6  (Continual) 

(A)  •  789;  Slot  C 
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Tunnal  Scation  X  in  Inehaa 


Figure  6  (Contiouad) 
(•)  Pj/P,  -  T12;  Slot  A 


Tunnel  Station  X  in  Inchaa 

Figure  6  (Continued) 

(f)  Pj/P.  -  717;  Slot  B 


-3 


0 


I 


-2  -1 
TuomI  Station  X  in  Inchot 

Flguro  6  (Contlnuod) 

(«)  Pj/P,  .  717;  Slot  c 


TuoimI  Station  X  in  InclMs 


Vlfuro  6  (Continuod) 


TuiimI  Station  X  In  Inctiat 

Figura  6  (Continuad) 

(1)  Pj/P,  •  Slot  B 
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TuiimI  Station  X  in  iacha# 

Figuro  6  (Concludod) 

(J)  Pj/P.  -  6*5;  Slot  C 
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Tunncl  Station  X  in  inchas 


Figura  7  •  Exhaotting  Jat  Panatration  at  a  Main  Straam 
Mach  nmtmx  of  k.y) 

(•)  Pj/p«  -  0 


-4  -3  -2-10  1 

Tunnal  Sc«tlon  X  in  inch** 

Flfun  7  (ContliMMd) 

(*»)  Pj/P,  -  im;  Slot  A 


-n  -3  -2  -1  0 

Tunnal  Station  X  in  inchas 

rigura  7  (Continuad) 

(c)  Pj/P,  -  1153;  Slot  B 
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-4  -3  -2-10  1 

StaCloa  X  la  iachaa 


ricura  7  (Coaclnuad) 
{*)  Pj/P,  -  1171;  Slat  C 
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TuniMl  Station  X  in  inctias 
Flgura  7  (Continund) 

(•)  Pj/P,  -  977;  Slot  A 


-4 


-1 


0 


1 


•3  -2 


Tunottl  Station  X  in  inchas 


Figura  7  (Continuad) 
(f)  Pj/P»  -  960;  Slot  B 
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Tunaal  SCation  X  In  Incbas 
Flsura  7  (Continuad) 

(t)  Pj/P,  -  975J  Slot  C 
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-4  -3  .-2  -I  0  1 


Tunnel  Station  X  In  inches 

Figure  7  (Continued) 

(h)  Pj/P,  ■  781 »  Slot  A 


-4  -3  -2-1  0  1 

Tunnal  Station  X  in  inchas 
Figure  7  (Continued) 


(1)  Pj/P^  ■  76Q»  Slot  B 


TuiumI  Station  X  in  Inchas 
Figure  7  (Concluded) 

(J)  Pj/P«  -  779;  Slot  C 


Figure  8  -  Schlieren  Photographs  of  Models  1,  2,  and  3  With  No  Jet  Esdiausting 


Figure  9  (Continued) 
(b)  Slot  B 
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Figure  9  (Concluded) 
(c)  Slot  C 


Figure  10  (Continued) 
(b)  Slot  B 


Figure  10  (Concluded) 
(c)  Slot  C 


Figure  11  (Concluded) 
(c)  Slot  C 
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■0.8 


-0.4 


0.4 


0.8 


Chord  in  Inches 


Figure  12  -  Pressure  Distribution  on  the  Upper  and  Lower 
Surfaces  of  Model  1  (M  =  2.48) 

(a)  Pj/P„  =  0 
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-1.6 


-1.2 


-0.8 
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0  1  2  3  4  5 

Chord  in  inches 


Figure  12  (Continued) 
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0  1  2  3  4  5 

Chord  In  Inches 


Figure  12  (Continued) 
(O  Pj/P,  •  IWJ  Slot  C 
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ris«n  U  (BMtiaMd) 

(k)  r^/p,  -  Ul,  7U.  aU  7141  Hot  A 
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-0.8 
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C 

P  0.8 


1.6 


2.4 


3.2 


0  1  2  3  4  S 

Chord  in  Inches 


Figure  14  -  Pressure  Distribution  on  the  Upper  and  Lower 
Surfaces  of  Model  3  (M  *  4.50) 

<•)  Pj/P,  “  0 
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-3.2 


-2.4 


-1.6 


-0.8 
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1.6 


2.4 
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0  1  2  3  4  5 

Chord  in  inches 

Figure  14  (Continued) 

(b)  Pj/P*  •  ^77  end  1174;  Slot  A 
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0  1  2  3  4  5 

Chord  In  Inches 

Figure  14  (Continued) 

(c)  Pi/p^  ■  1153;  Slot  B 

j  • 
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1.6 
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Chord  in  Inches 

Figure  14  (pontlnued) 

(d)  p,/p  -  inii  Slot  C 
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-1.6 
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0  1  2  3  4  5 

Chord  in  inches 

Figure  14  (Contignad) 

(f)  Pj/P»  ■  *75;  Slot  C 
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-2.4 


-1.6 


-0.8 
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Figure  14  (Continued) 
(g)  Pj/P.  -  781;  Slot  A 
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